The effect of SLM parameters on porosity, microstructure and mechanical properties is studied. To this purpose, the Selective Laser Melting (SLM) technology is applied to manufacture Inconel 718 specimens. The material, the manufacturing process, the Hot Isostatic Pressure (HIP), heat treatment, observation procedures and characterisation of mechanical properties are presented. A columnar-dendritic microstructure was observed on all the SLM specimens and a Volumetric Energy Density (VED) effect on the latter was also noted. The rate of porosity varies in relation to the VED and is considerably reduced after HIP. The heat treatment erases the dendritic microstructure, significantly enhances microhardness and confers on the alloy tensile mechanical properties comparable to forged Inconel 718.
Introduction
The aeronautical, aerospace and nuclear industries have applications for which the use of conventional materials is no longer a valid option. They are then replaced by what are known as Ni-base superalloys, characterised by the conservation of their mechanical properties at high temperatures [1] [2] [3] . Among these is Inconel 718 that can be used up to a temperature of 650°C without any prejudicial reduction in its mechanical properties while still retaining excellent resistance to corrosion and fatigue [4, 5] . For this reason, it is chosen to manufacture parts whose operating temperatures are extremely high. However, it is difficult to manufacture workpieces from Inconel 718 using conventional machining methods due to the significant level of wear to which the cutting tools are subjected and the reduced rate of material removal [6, 7] .
Blanther, in 1892, was the first to file a patent relating to additive manufacturing [8] . However, it took until the 1980s for this process to be adopted by industrialists [9] . Using this method, extremely complex workpieces can be manufactured from a CAD file and without the need to use moulds and/or cutting tools. This provides an avenue for unlimited creativity in designing parts and helps save time and reduce costs and material consumed as compared with traditional processes [10, 11] . Since the 1980s, additive manufacturing has developed spectacularly and some would argue that it is the manufacturing process that has been the most rapidly developed in the world [12, 13] .
Selective Laser Melting (SLM) is a powder-bed based technology in the additive manufacturing category. On manufacturing, a fine layer of metallic powder is deposited on a plate, then a high energy laser scans the layer to melt it locally in pre-defined zones. Once the first layer has been completed, the plate moves down and a second layer of metallic powder is deposited and so on until complete manufacturing of the desired part. This method allows geometrically complex workpieces with great dimensional accuracy and fine surface condition to be produced [14] .
Some studies have focused on the microstructure of Inconel 718 obtained by SLM. Amato et al. [15] observe on blank SLM specimens a development of grains and columnar microstructures that are essentially parallel to the build direction. The SLM process produces a fine columnar-dendritic microstructure that is generated by the extremely rapid cooling speeds [16] . It also produces parts with a high level of porosity [16] , mechanical properties (mainly in fatigue) that are reduced compared with conventional processes and a high surface roughness value [17] . This explains why SLM blanks have to be subjected to various post-treatments to reduce porosity and enhance mechanical properties. Hot Isostatic Pressing (HIP) is one post-treatment that combines a high temperature and strong pressure to reduce the porosity level. Studies have shown the beneficial effect of HIP on the porosity level (HIP at 1150°C -100 MPa: density varying between 99.985% and 99.989%) [18, 19] . After HIP, ageing heat treatment is generally recommended for Inconel 718: 720°C for 8 h and 620°C for ⁎ Corresponding author.
E-mail address: kamel.moussaoui@univ-tlse3.fr (K. Moussaoui). 8 h [4] . This treatment ensures the germination and growth of hardening phases ′ γ and ″ γ . After ageing heat treatment, the dendritic microstructure disappears, a needle-shaped δ phase precipitates at the grain boundaries, the Laves phase and carbides emerge and ′ γ and ″ γ phases disperse and precipitate further in matrix to strengthen the alloy [16] . Parts made of Inconel 718 obtained by SLM and that are then subjected to HIP and heat treatment as described above, can significantly enhance their mechanical properties as compared with SLM blanks and compare with or even outperform forged Inconel 718 parts [20, 15, 1, 12, 16] .
Hanzl et al. [21] explain that the laser velocity and power parameters have most impact on tensile mechanical properties. Their combination also affects the microstructure and the melt pool, including the surface. The various combinations of these two parameters may produce perfectly uniform surfaces or porous structures. Some studies have tested other parameters, such as the size of the laser, the thickness of the layer deposited and the distance of the scan lines for the various materials like steel 316L [22] , Ti6Al4V [23] and Inconel 718 [24, 13, 25] . In reality, the workpiece's final quality will depend on the combination of all these parameters. Through their experimental results, Gu et al. [26] observe that the power, velocity, the thickness of the deposited layer and the distance between the scan lines have a considerable influence on densification and the microstructural characteristics during the SLM process. In order to evaluate the combined effect of these parameters, they propose a factor known as "Volumetric Energy Density (VED)" expressed in J/m 3 . Other studies use VED to take into account the combined effect of the parameters mentioned above [27, 28] . Sadowski et al. [29] seek to optimise the quality of the SLM process for Inconel 718 and use the factor known as "Linear Energy Density (LED)", which is the ratio between the laser power and the velocity to qualify the melt pool. They observe that when LED increases from 33 to 1500 J/m, the melt pool width increases from 100 to 520 μm and its depth increases from 13 to 300 μm. Jia et al. [30] note the same LED impact on densification and recommend a LED of 330 J/m for a densification of 98.4% when manufacturing Inconel 718. They also took an interest in the microhardness and the microstructure. As far as microhardness is concerned, they observe an increase in the latter with the increase in LED. As for the microstructure, they report that it undergoes successive changes: from coarse columnar dendrites to grouped dendrites, then fine and uniformly distributed cylindrical dendrites, with the increase in LED.
It is, however, important to note that although the basic concepts apply, the change in materials and change in the type of machine will create workpieces that are different in terms of porosity levels and mechanical properties. For this article it was decided to study the effect of the SLM parameters (laser power, velocity, distance between scan lines) through the "Volumetric Energy Density (VED)" on several criteria such as roughness, the porosity rate, the microstructure and mechanical properties. Indeed, few studies to our knowledge concern the effect of VED on the criteria mentioned above. The originality of this work lies in the influence of several VED on roughness, porosity rate, microstructure, microhardness and mechanical properties. Microstructure, microhardness and porosity rate were analysed before and after HIP+heat treatment while the mechanical properties were analysed after HIP + heat treatment.
Material and methods
The powder used in this study is a nickel alloy powder, Inconel 718. Table 1 and Fig. 1 show the chemical composition and the metallography of the powder used. The manufacturer's grain size indicates that the size of the particles is between 5 and 25 μm. This grain size was verified using the laser method. This is a technique using the optical properties derived from the interaction between a set of particles and an incident laser beam to obtain the size distribution for the set analysed. The results are shown in Fig. 2 . The particles are not very spherical and there is the presence of pores within the particles.
The powder bed laser melt additive manufacturing machine is a DMP PROX300. This machine has a YAG type laser with max. power of 450 W and a spot diameter of 70 μm. Manufacturing is performed in a protected atmosphere filled with argon (Ar). It has an automatic powder supply system and a manufacturing plate. The manufacturing process is as follows: (i) a fine layer of Inconel 718 powder is deposited by the roller; (ii) the layer of Inconel 718 powder is melted by the incident laser beam so it binds with the already solidified zones of the layer beneath; (iii) the manufacturing plate is moved down by the thickness of one layer for a new deposit of powder and new laser fusion. The laser strategy used is shown in Fig. 3 . This strategy combines a different scan on each layer, with the laser scanning alternatively along the X and Y axes. This means that layer n will have the scan direction along the X-axis while layer n + 1 will be rotated by 90°and will be along the Y-axis.
In order to observe the influence of the SLM parameters on some of the previously mentioned criteria, 35 cubes with dimensions 20 * 20 * 20 mm were produced (Fig. 4 ). The power P was varied from 150 to 450 W, the velocity V from 1000 to 1800 mm/s and the scan distance (hatching H) from 50 to 90 μm. The layer thickness (d) was set at 70 μm. Analysis of cubes (2-9-10-14-16) did not prove possible as their production was not completed (see Fig. 4 ). The VED used did not build these cubes because the VED is too low (not enough fusion) or is too high (too much fusion). Out of the remaining 31 cubes, 9 were eliminated for appearance reasons. Indeed, major defects and significant rough spots were observed, indicating a very poor melt quality. 21 cubes were retained after this visual observation (cubes 1-3-4-5-11-12-13-17-18-19-20-26-27-28-29-30-31-32-33-34-35). Roughness appeared to be a good indicator of melt quality, which is why it was chosen as a selection criterion for the 21 remaining cubes. Surface roughness Sa was analysed on the top face (normal to Z) and the side of the cube. Only roughness results concern the 21 cubes. Indeed, the roughness criterion allowed 8 cubes (12-13-17-18-26-29-31-34) to be selected to refine observations on level of porosity, microstructure and mechanical properties. The SLM parameters of the 8 cubes are shown in Table 2 . The VED was calculated using Eq. (1) where P is the power in W, V the scan velocity in mm/s, H the scan distance in μm and d the thickness of the layer deposited in μm. The VED will be expressed in J/ mm 3 .
The surface roughness measurements were performed using an ALICONA Infinite-FocusSL optical system. The metallographic observations were performed on an Olympus optical microscope and a NOVA NanoSEM450 Scanning Electron Microscope (SEM). The specimens were polished and then etched with aqua regia (70% HCl + 30% HNO3) to observe the microstructure. The chemical composition was analysed using the Energy Dispersive Spectroscopy (EDS) method. Microhardness measurements were performed on a Buehler Micromet 5100 series system with a load of 200 g and each value was averaged out over three measurements. The heat treatment used in this study was an HIP (1160°C, 102 MPa, 3 h and air cooling) followed by solution treatment (980°C, 1 h and air cooling) and double ageing (720°C, 8 h, furnace cooling + 620°C, 8 h and air cooling). Tensile tests were performed on an Instron 8561 machine at ambient temperature. The geometry and dimensions of the tensile test specimens are shown in Fig. 5 . These tensile test specimens were manufactured in two series: series A (0°) parallel to the Z-axis build and series B (90°) normal to the Z-axis build (along X). They are made from cylindrical specimens. They then underwent the heat treatment described previously and were machined. The level of porosity was established by processing of the images obtained by optical microscopy. 10 images were taken for each specimen randomly over the entire manufacturing plane (XY plane). On each image there are between 200 and 250 pores, thus meaning in total between 2000 and 2500 pores measured for each specimen to determine the level of porosity. The drawback with this method was the considerable effort that had to be devoted to preparation of the specimens.
Results and discussion

Roughness
The results show a roughness Sa going from 6.7 to 35 μm on the cube's top face and from 8.5 to 42 μm on the cube's side. These values are very close and indicate good uniformity of roughness over the entire cube. A curve is plotted on the graph of Fig. 6 to show some roughness values (cube top face Sa) to observe the effect of the scan velocity V and power P. It can be seen that the increase in velocity and power leads to greater roughness while lower velocities and powers generate less The physics involved during the laser beam melting process of a powder bed is illustrated schematically in Fig. 7 . This Figure shows a cross-section of a powder bed on the scale of particles of powder lying on a dense substrate. In the zone where the laser beam reaches the powder bed, the particles of powder are heated extremely rapidly, and the local temperature increases to form a melt pool that will then solidify. Several physical phenomena will intervene and combine to form the final material and its accompanying microstructure. Fig. 8 shows a 3D cube that is built from the observations on specimen 12 on an optical microscope. The line by line SLM and then layer by layer SLM manufacturing characteristics are clearly visible. On the XY plane the scanning strategy used in the present study can be observed. The XZ and ZY planes illustrate the morphology of the melt pool. This morphology is in the form of a parabolic arc that indicates a Gaussian energy distribution of the laser. Similar morphologies have been observed for SLM manufacturing of Inconel 718 by other researchers [12, 31] . This morphology was observed on all the specimens in this study. Fig. 9 shows a columnar dendritic microstructure that is mainly parallel to the Z-axis build (shown by the white arrow). This microstructure is characteristic of the microstructures obtained by SLM for Inconel 718. It also indicates a very rapid cooling speed of around 10 5°C /s [32] . Columnar grains with a cellular structure and columnar grains with very fine dendrites can also be distinguished in this microstructure. The melt pool boundary shows a solidification front from which a different structure can grow (switch to a cellular structure) leading either to a change in orientation of the dendrites or a continuity of the dendrites through the solidification front. The high temperature gradients generate an epitaxial solidification phenomenon [15] that can produce grain growth through several melt pool. All these types of structure can also be observed in a single melt pool ( Fig. 9(a) ). It can be noted that the melt energy affects more than one layer and will thus melt layers that have already solidified several times. This is a phenomenon that is sought for to bind the layers to each other and make the material more uniform. The increase in VED will lead to a microstructure with longer and very tightly bound dendrites ( Fig. 9(b) ). Jia et al. [30] note the same effect on the microstructure of Inconel 718 obtained by SLM. Another observation on the effect of the increase in VED on the microstructure relates to the columnar dendrites that seem to be more oriented along the build-axis. The increase of the VED will produce a larger and warmer melt pool. This results in a high thermal gradient and a high cooling rate. This phenomenon will produce fine columnar dendrites. Zhang et al. [31] measured a dendrite spacing of about 0.6 μm. They tell us that this spacing is small compared to the Inconel obtained by conventional method because of the very high cooling rates in SLM. Mostafa et al. [33] , measured a dendrite spacing ranging from 0.6 to 1.25 μm in SLM. All these observations are similar for the ZY plane, while for the XY plane a mainly cellular structure with less dendrites can be seen. Fig. 10 shows several types of defects: pores by lack of fusion and/or material and spherical pores. What can mainly be seen are spherical pores that were formed during the melt process either by the trapping of protection gases (here Ar) or by the gases generated by melting (sufficiently rapid cooling that traps the metallic vapour). All these types of pores were observed on the three planes. Tillmann et al. [18] showed the presence of argon in the spherical pores with a slightly greater mean Ar content of 0.3 ppm in Inconel 718 specimens obtained by SLM. They suggest that even if the measured value seems to be very low, the Ar trapped in the structure may have a major influence on the mechanical properties and post-treatment. In high temperature conditions, as during HIP, machining or in various applications, the trapped Ar dilates (gas laws) and causes stresses that can lead to elastic or plastic deformations. They also indicate that only the pores without gas could be perfectly closed by an HIP. The spherical type defects are located more to the interior of the melt pools, while lack of melting and/ or matter type defects are to be found more on the boundaries of the melt pools and the overlapping of the layers (Fig. 10(b) ). Fig. 11 shows the micrography of the XY plane of specimen 29 obtained with a VED = 61.2 J/mm 3 . A significant reduction in pores can be seen and above all of those of the lack of material or melt type as compared with specimen 31 ( Fig. 10(a) ). This reduction was observed for the three planes of specimen 12 and showed a good similitude in the level of porosity between the three planes. Fig. 11(b) meanwhile reports the level of porosity in relation to VED. This level of porosity varies from 0.48% to 1.35%. As can be seen, VED has a significant impact on the level of porosity. Indeed, when VED increases, this leads to a reduction in the level of porosity. This observation seems coherent since Fig. 7 . Schematic overview of the physicals phenomenons that happen in the interaction zone between laser radiation and powder bed. greater energy is used to melt the powder, which has the effect of improving melting and a reduction in defects. Other authors have noted this phenomenon [30] .
SLM plus HIP and heat treatment
The specimens were subjected to an HIP and a heat treatment (solution and ageing). The conditions were described above. HIP is mainly used to reduce porosity. However, Tillmann et al. [18] observe that HIP also modifies the microstructure of SLM Inconel 718: the microstructure no longer resembles the typical microstructure obtained by SLM, the grains are bigger, and they no longer have an orientation along the build axis. Solution treatment causes the transformation of one or more constituents into a solid solution and, by rapid cooling, these constituents are kept in that solution. Ageing treatment (conducted in two stages) causes hardening by precipitation. This treatment ensures germination and growth of the hardening phases ′ γ (Ni3(Ti, Al)) and ″ γ (Ni3Nb) in the matrix γ up to a suitable volume fraction of around 15-20% for ″ γ [34] , that confers its excellent mechanical properties on the alloy. Precipitation of the ′ γ and ″ γ phases mainly arises during the first stage at 720°C, while the function of the second stage at 620°C is mainly to ensure uniformity of the microstructure [35] . For the Inconel 718 alloy, solution heat treatment and double ageing is needed [12] .
Figs. 12 and 13 show the microstructure after HIP and a heat treatment. The dendritic microstructure has completely disappeared. The grain size is very heterogeneous and equiaxial and mainly columnar grains oriented in the build direction can be seen. The grain boundaries are mainly constituted of δ and MC carbides. All these observations concern the full set of specimens and the three planes. In the study by Chlebus et al. [12] , they mention that heat treatment does not completely eliminate the texture, as it does not entirely change the columnar shape and crystallographic orientation of the solid solution grains.
The δ phase (Fig. 12, arrow 3) germinates mainly at the grain boundaries and its chemical composition is identical to that of the ″ γ phase (Ni3Nb). It has an acicular and pebbly morphology. The growth of the δ phase can locally reduce the volume fraction of the ″ γ phase ( ″ γ becomes a source of Nb for δ) and thus impairs local mechanical properties. However, when it is in a small quantity precipitated on the grain boundaries discontinuously, this phase can improve creep behaviour properties [36] . The MC carbides (Fig. 12, arrows 1 and 2 ) are predominantly block-shaped and are non-uniform distributed within the grain as well as at the grain boundaries. MC intragranular carbide can interfere with the movement of dislocations but gives low matrix strength to the strength produced by ″ γ precipitation. This carbide, if it is on the surface of the part, can be a site of crack initiation or oxidation under thermal stresses, producing a notch effect unfavorable to fatigue [37] . The MC carbide at the grain boundaries promotes the transition from transgranular to intergranular fracture mode. When the carbides are closely distributed along the grain boundaries, the microcracks easily join together and facilitate the intergranular fracture. The MC carbides at grain boundaries, distributed in small quantities and of appropriate size, can limit the movement of grain boundaries, slow grain growth, and may increase creep and fatigue strength [38, 39] . The ′ γ and ″ γ phases cannot be observed under the SEM as their size is generally less than 20 nm [16] .
On Fig. 13 , a comparison is made between two specimens, one with a low VED and the other a high VED. It can be seen that the porosity has diminished very significantly. The level of porosity measured on the XY plane is less than 0.01% for all the specimens. The HIP has considerably reduced the size and level of porosity. The microstructure obtained after heat treatment is largely similar between the specimen with a low VED and a high VED. This shows that heat treatment largely erases the SLM microstructure obtained with different levels of VED and generates a new microstructure similar to that of all the specimens.
Mechanical properties
Microhardness
Among mechanical properties, microhardness is a major concern for parts manufactured by SLM. Fig. 14 shows the microhardness results in relation to VED. Here, the results for as-deposited by SLM vary between 310 and 334 HV. No VED effect can be seen on these results. These levels of microhardness are corroborated by other studies [16, 31, 12] . It should be noted that the main source of hardening of Inconel 718 is the precipitation of the ′ γ and ″ γ phases [40] . Another element that can increase hardening is porosity. In our study the porosity rate varies between 0.48% and 1.35%. This variation remains relatively small to have an effect on microhardness. In view of the above analysis, the VED variation range (31-61 J/mm 3 ) studied here did not sufficiently precipitate these phases to observe a visible effect on the microhardness of the specimens before HIP + heat treatment. On this point, Jia et al. [30] observe an increase of microhardness (331.9-395.8 HV) for a range of variation of energy density ranging from 180 to 330 J/m. According to them, this improvement of the microhardness produced by the increase of energy density is the consequence of the decrease porosity rate, grains refinement and strengthening of precipitations and solid-solutions. According to our analysis of the results of Jia et al. the improvement in microhardness is due more to the porosity's decrease (from 26.4% to 1.6%) caused by the increase in energy density. A heat treatment is necessary to further enhance microhardness despite the way the material is obtained (by heating and very rapid cooling) that is generally beneficial for that quality. The results for HIP+HTed range between 461 and 492 HV. This remarkable improvement is mainly due to solution heat treatment and ageing that causes the precipitation of the ′ γ and ″ γ phases in the matrix γ. These values correlate well with other studies using the same heat treatment or even better [16, 31, 12] . They are also higher than those obtained for a forged material having undergone heat treatment (430-460 HV [4] ). Fig. 15 shows the results of tensile tests (σ t , σ 0.2 , ϵ f ) for series A (0°: parallel to the Z-axis build) and series B (90°: perpendicular to the Zaxis build). With series A, the values vary for tensile stress (σ t ) between 1334 and 1375 MPa, for the elastic limit (σ 0.2 ) between 1084 and 1124 MPa and for elongation at fracture (ϵ f ) between 17.5% and 20%. With series B, the values vary for σ t between 1376 and 1392 MPa, for σ 0.2 between 1110 and 1136 MPa and for ϵ f between 18% and 25%.
Tensile properties
No significant visible effect of VED is seen on the tensile mechanical properties. However, a difference is noted between series A and series B for all tensile properties (σ t , σ 0.2 , ϵ f ). Tensile mechanical properties are distinctly better when the specimen is perpendicular to the Z-axis build (series B). According to Amato et al. [15] , this difference between specimens parallel to and perpendicular to the build axis derives from the direction of the columnar grains. There are much more grain boundaries is perpendicular to the build axis for specimens at 90°than parallel to the build axis for specimens at 0°. Other studies have observed the same difference [12, 41] . Heat treatment played a perfect role in enhancing mainly the mechanical characteristics by precipitation of the ′ γ and ″ γ phases. The values for tensile mechanical properties are equivalent or even better as compared with those for other studies on Inconel 718 obtained by SLM and having used the same heat treatment [16, 31, 12] . As compared with forged and aged Inconel 718 (σ t = 1100 MPa, σ 0.2 = 830 MPa, ϵ f = 31%), these values are higher for σ t and σ 0.2 except for ϵ f . As for forged and aged Inconel 718 (σ t = 1600 MPa, σ 0.2 = 1400 MPa, ϵ f = 16%), σ t and σ 0.2 are lower except for ϵ f [42] . 
Conclusions
The present study focused on the effects of SLM parameters through Volumetric Energy Density (VED) on porosity, microstructure and mechanical properties. The main conclusions can be summarised as follows:
• Roughness varies between 6.7 and 35 μm on the top face of the cube and between 8.5 and 42 μm on its side. The low velocities and powers generate reduced roughness while an increase in velocity and power leads to greater roughness. It is important to note that the quality of the final surface will depend mainly on the power/velocity relation.
• The SLM microstructure is a columnar dendritic microstructure oriented parallel to the build axis. This microstructure may enlarge through several layers and is made up of columnar grains with a cellular structure and columnar grains with very fine dendrites. The increase in VED leads to a microstructure with longer and tighter dendrites that are more oriented along the build axis.
• Several types of defects were observed: pores by lack of melting and/or of material and spherical pores. Mainly spherical pores were seen, located in the melt pools. Defects of the lack of melt and/or material type were located at the melt pool boundaries and the overlapping of layers. The level of porosity varied between 0.48% and 1.35%. The increase in VED leads to a reduction in the level of porosity.
• After HIP and heat treatment, the dendritic microstructure has completely disappeared and conceded to a microstructure with equiaxial grains and mainly columnar grains oriented in the build direction. The grain boundaries were mainly composed of δ and MC carbides. The VED effect on the microstructure was no longer visible and it would appear that heat treatment removes a fair share of the SLM microstructure obtained with various levels of VED. The level of porosity was significantly reduced for all the specimens (less than 0.01%) thanks to HIP.
• SLM microhardness varies between 310 and 334 HV. No VED effect was observed on these results. After heat treatment, microhardness increases remarkably and varies between 461 and 492 HV. Indeed, solution heat treatment and ageing leads to hardening by precipitation of the ′ γ and ″ γ phases in the matrix γ.
• No significant visible effect of VED on tensile mechanical properties was observed. However, a difference was noted between parallel (0°) and perpendicular (90°) specimens in relation to the build axis. Heat treatment improved the tensile mechanical properties but removed the VED effect. These tensile results are better than those obtained for forging-annealing and slightly poorer than those for forging-ageing.
